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Abstract 
Structural analysis of human kidney stones reveals 
the presence of cellular membranes and other cell frag-
ments. Experimentally, calcium oxalate crystalli:zation 
is facilitated when an exogenous nephrotoxin is given 
with ethylene glycol, thus providing cellular degradation 
products to act as heterogenous nuclei. In this report, 
we tested whether oxalate alone could act as a cell toxin 
capable of producing damaged cells without the presence 
of an exogenous agent. Cultured LLC-PK1 and MDCK 
cells, when exposed to 1.0 mmol KOx, a concentration 
at the limit of metastability for calcium oxalate nuclea-
tion, were severely damaged as measured by specific 
lactate dehydrogenase (LDH) release in the spent media 
and by trypan blue exclusion. This effect was magnified 
by the addition of pre-formed calcium oxalate monohy-
drate crystals; the injury was significantly amplified 
when compared to exposure to oxalate alone. Scanning 
electron microscopy studies illustrated attachment of 
crystals to cells with loss of cell-to-cell and cell-to-sub-
strate contact, as cells were released from the monolay-
er. In both oxalate and combined crystal-oxalate stud-
ies, more cells were released from the monolayer and 
sxhibited considerably more damage when compared to 
controls. Oxalate, at the limit of metastability for cal-
cium oxalate, is a cell toxin and can produce cellular 
degradation products. This effect is increased signifi-
cantly by the addition of calcium oxalate monohydrate 
crystals. 
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Introduction 
Previous investigations from our laboratory suggest 
that products of cell injury act as heterogenous nuclea-
tors for calcium oxalate (CaOx) crystalli:zation both in 
vivo and in vitro [13, 14, 15]. In an animal model for 
experimental urolithiasis, sub-lithogenic levels of ethyl-
ene glycol produced a mild hyperoxaluria in the absence 
of crystalluria. Urinary analysis revealed elevated en-
zymuria, especially n-acetyl-(1-glucosaminidase, as well 
as increased shedding of cellular membranes into the 
urine. When sub-lithogenic levels of ethylene glycol 
were combined with the administration of gentamicin, a 
nephrotoxin known to cause proximal tubule damage, we 
found not only enzymuria of lysosomal and brush border 
origin and increased relative supersaturation (RSS), but 
also crystalluria and ultimately deposition of CaOx with-
in the kidney [10, 20]. Based upon these findings, we 
moved our investigations to an in vitro model and exam-
ined whether or not oxalate (Ox) alone is toxic to cul-
tured epithelial cells in the absence of a known nephro-
toxin. Initially, we examined the effects of Ox on an es-
tablished distal tubular renal epithelial cell line, Madin-
Dardy Canine Kidney (MDCK) [31], and found that Ox, 
at a low concentration, is toxic to MDCK cells [11]. 
While other investigators have examined the effects 
of calcium oxalate monohydrate (COM) crystals on epi-
thelial cells [21, 27], no one has described the effect of 
these crystals in an Ox environment. When we com-
bined exogenous, pre-formed COM crystals with a low 
concentration of Ox (0.25 mmol), we found these effects 
to be synergistic as demonstrated by increased specific 
release of adenine and a reduced ability to exclude try-
pan blue [11]. To further explore this finding, we ex-
panded our studies as follows: at earlier time periods 
(30, 60 and 120 minutes), we examined cultures which 
had been exposed to Ox alone or Ox combined with pre-
formed COM crystals. In initial concentration studies, 
we found a plateau reaction at a 500 µglml COM crystal 
load. We utilized this COM concentration based upon 
our findings and since this load was on par with what 
has been used in the existing literature on this subject. 
Further, we used a higher concentration of Ox, much 
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closer to the limit of metastability, as this is the Ox 
environment that renal epithelial cells must contend with 
when facing an Ox surge while interacting with COM 
crystals. In addition to experiments with MDCK, we 
examined another established line, of proximal tubular 
cell origin, LLC-PK1. 
Materials and Methods 
Cell culture 
For routine maintenance, MDCK cells (ATCC CCL 
34; Amer. Type Cell Culture, Rockville, MD, USA), 
passages 55 to 60 and LLC-PK1 cells (ATCC CCL 
1392), passages 197 to 202 were maintained as sub-
confluent monolayers on 75 cm2 Flacon T-flasks in 
50:50 Dulbecco's modified essential medium : nutrient 
mixture F-12 (D-MEM/F-12) containing 15 mmol 
HEPES, 10% fetal calf serum, streptomycin (0.20 
mg/ml) and penicillin (1.0 x 1a2 IU/ml), pH 7.40, at 
37°C in a 5% CO2 air atmosphere. Medium was re-
plenished two to three times weekly. Cells were subcul-
tured by disassociation with 0.05 % trypsin and 0.53 
mmol ethylenediaminetetraacetic acid (EDTA). 
Oxalate Studies 
Cells, from both culture lines, were seeded onto 25 
mm Falcon membrane inserts. Semi-confluent monolay-
ers were weaned from serum to a defined medium as de-
scribed by Taub [29]. Cultures were treated with exper-
imental agents 7-8 days after initial plating. Oxalate as 
KOx was added using a stock solution of 50 mmol KOx 
in normal sterile saline. KOx was diluted to final con-
centrations of either 0.50 or 1.00 mmol. These levels 
of Ox result in a CaOx RSS , as determined by the com-
puter program EQUIL, of 7 .1 and 13.5, respectively 
[32]. Preliminary data showed that tissue culture media, 
when incubated with Ox in the absence of cells, resulted 
in no crystal formation with 0.5 mmol KOx. The occa-
sional formation of a CaOx dihydrate crystal, in media 
alone, was noted at the 1.0 mmol level but CaOx mono-
hydrates were not formed at either the 0.5 or 1.0 mmol 
levels. No crystals formed in the presence of cells at ei-
ther oxalate concentration. We examined the effect of 
potassium on these cultures, by exposing them to a con-
centration of KCl up to 2 mmol greater than basal lev-
els. We found no detrimental changes to these cultures 
as determined by trypan blue, specific lactate dehydro-
genase (LDH) release, and resulting cell number. 
Therefore, the definitive studies used 1.0 mmol Ox 
which was taken as the upper limit of metastability for 
this system. Cells were incubated with KOx for 30, 60 
and 120 minutes. Samples were run in triplicate in two 
separate experiments (n = 6). 
Crystal and oxalate studies: crystal preparation 
COM was prepared by adding equal, unbuffered 
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volumes of 1.0 mmol CaC12 and 10 mmol K2C2O4 
together at room temperature. After 10 minutes, the 
suspension was applied to a 0.2 µm filter, washed and 
stored desiccated [ 1]. Scanning electron microscopy 
(SEM) examination verified an average crystal size of 
0.6 µm. Crystals analyzed before and after ultra-violet 
(UV) steriliz.ation and equilibration in defined medium 
were determined to be pure COM by high resolution 
X-ray power diffraction using a Philips APD 3720 
(Philips Analytical X-Ray B.V., Almelo, The 
Netherlands). 
Seed slurry preparation and addition to cultures 
UV-sterilized crystals were equilibrated in defined 
medium at a concentration of 10 mg/ml, at 37°C for 24 
hours before addition to cultures. Aliquots of stock slur-
ry were added, along with 1.0 mmol KOx, to individual 
inserts at a final concentration of 500 µglml. Cells were 
handled as in the KOx experiments: monolayers were 
incubated with crystals for 30, 60 and 120 minutes. 
Cell viability 
Cell injury was assessed as follows. Inability of 
cells to exclude trypan blue was used to evaluate cell 
damage. After incubation, floating cells were recovered 
from spent media, centrifuged and washed in defined 
media. Monolayer cells were trypsinized and washed in 
defined media. Isotonic 0.4 % trypan blue was added to 
these single cell suspensions, which were counted on a 
hemocytometer. 
Enzyme analysis 
Spent media from individual wells were recovered 
and centrifuged to remove crystals and cellular debris. 
Specific (EC 1.1.1.27) (LDH) activity was determined 
using a microtiter assay [17]. LDH activity, at all time 
periods, was determined based upon 100% possible re-
lease from normal (untreated cells) and controlled by 
spontaneous enzyme release from these cells. Spontane-
ous control release from both cell lines was approxi-
mately 3-4% per hour. All determinations were made 
against appropriate reagent blanks. Enzyme activity was 
expressed as IU/ml media. 
Scanning electron microscopy 
Membrane-grown cells, incubated as described 
above, were fixed in 3 % glutaraldehyde, buffered by 0.1 
M/1 cacodylate buffer and 0.1 M/1 sucrose, for 15 min-
utes. After washing, post fixation was with cacodylate 
buffered 1 % OsO4 for 10 minutes. Cells were dehy-
drated through a graded ethanol series at 10 minute 
intervals and dried using hexamethyldisilaz.ane (HMDS) 
[26]. Specimens mounted with graphite paint were 
coated with silver and examined with a JEOL JSM 35C 
(JEOL, Peabody, MA). 
Toxicity of oxalate and calci~m oxalate crystals on epithelial cells 
Table 1. Specific release of lactate dehydrogenase from cultures exposed to 1.0 mmol KOx enzyme recovered from 
spent media; p values and percentages as compared to control; n = 6 
I I 
30 minutes 
I 
60 minutes 
I 
120 minutes 
I 
MDCK 1.0 ± 0.1% 2.0 ± 0.2% 5.9 ± 0.2% 
p < 0.001 p < 0.001 p < 0.001 
LLC-PK1 12.0 ± 0.7% 11.0 ± 0.7% 26.7 ± 0.9% 
p < 0.001 p < 0.001 p < 0.001 
Table 2. Cell viability and concentration of LLC-PK1 cultures exposed to 1.0 mmol KOx trypsinized cells recovered 
from membrane insert; p values as compared to control; n = 6 
Control Cells 30 minutes 60 minutes 120 minutes 
Viability 96.7 ± 0.4% 78.7 ± 1.7% 77.3 ± 1.3% 78.8 ± 0.4% 
p < 0.001 p < 0.001 p < 0.001 
Cell Number 2.05 ± 0.02 1.76 ± 0.15 1.76 ± 0.12 1.89 ± 0.17 
(x 106) p < 0.05 p < 0.01 p < 0.05 
Table 3 . Cell viability and concentration of LLC-PK1 cultures exposed to 1.0 mmol KOx cells recovered from spent 
media; p values as compared to control; n = 6 
Control Cells 30 minutes 60 minutes 120 minutes 
Viability 82.5 ±4.9% 54.8 ± 6.5% 59.5 ± 6.8% 61.3 ± 3.64% 
p < 0.001 p < 0.001 p < 0.001 
Cell Number 3.84 ±1.27 10.3 ± 1.43 22.7 ± 1.90 23.4 ± 3.02 
(x 104) 
Statistical analysis 
Significance of enzyme activities and uptake of 
trypan blue were analyzed for multiple comparison of 
means utilizing SAS software. 
Results 
The effect of 1.0 mmol KOx upon both cell lines is 
illustrated in Table 1. As determined by specific release 
of LDH into the spent media, it can be seen that the 
metastable limit of Ox employed in these experiments is 
injurious to both cell lines. This effect is noted 30 min-
p < 0.001 p < 0.001 p < 0.001 
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utes after exposure and continues for the other two time 
periods tested. While there is little difference between 
the 30 minute and 60 minute time periods, in both cell 
lines demonstrable differences in increased specific re-
lease occurred at 120 minutes as compared to both the 
30 minute and 60 minute periods. The LLC-PK1 cell 
line appears to be more sensitive to the challenge, as the 
relative specific release of LDH is considerably greater 
than that for the MDCK cell line. 
Tables 2 and 3 illustrate the effects of 1.0 mmol 
KOx upon LLC-PK1 cells in terms of viability and cell 
number. The viability of the cells on the inserts 
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Table 4. Cell viability and concentration of MOCK cultures exposed to 1. 0 mmol KOx trypsinized cells recovered from 
membrane inserts; p values as compared to control; n = 6 
I I 
Control Cells 
I 
30 minutes 
I 
60 minutes 
I 
120 minutes 
I 
Viability 98.6 ± 0.5% 88.0 ± 3.0% 70.3 ± 0.9% 77.4 ± 0.5% 
p < 0.01 p < 0.001 p < 0.001 
Cell Number 1.94 ± 0.06 1.82 ± 0.09 1.70 ± 0.07 1.59 ± 0.01 
(x 106) p < 0.01 p < 0.01 
Table 5. Cell viability and concentration of MOCK cultures exposed to 1.0 mmol KOx cells recovered from spent 
media; p values as compared to control; n = 6 
I I 
Control Cells 
I 
30 minutes 
I 
60 minutes 
I 
120 minutes 
I 
Viability 77.1 ± 4.3% 54.7 ± 3.1 % 56.2 ± 2.7% 54.8 ± 1.6% 
Cell Number 4.44 ± 0.92 
(x 104) 
decreases significantly by 30 minutes of exposure and 
this level of viability remains at essentially the same 
levels for the 60 and 120 minute time periods. Similar-
ly, cell numbers on the inserts are reduced by 30 min-
utes, essentially a maximum reduction, since the level is 
approximately the same at 60 and 120 minutes. Regard-
ing the cells recovered from spent media, as seen in 
Table 3, the viability of the treated cells decreases 
dramatically at all time periods. In addition, the 
increase in cells released into the media is similarly 
significant, although more so at the 60 and 120 minute 
periods than at the 30 minute period. In examining the 
viability and cell numbers of the MOCK cells on the 
insert and in the media, illustrated in Tables 4 and 5, the 
same pattern is observed in that the viability and cell 
numbers, both on the inserts spent media, follow the 
same pattern as was seen for the LLC-PK1 cells. 
The effect of the combined treatments of Ox and 
COM crystals on the LLC-PK1 cells is illustrated in 
Tables 6 and 7. The viability of the mono layer cells 
decreases to approximate! y the same level at all time 
periods examined, as does the cell number. Although it 
is difficult to compare culture to culture, from the 
results in Table 6 and Table 2, it would appear that the 
conditions of the cells on the inserts are relatively 
similar in terms of viability and cell number in reaction 
p < 0.001 p < 0.001 p < 0.001 
10.3 ± 2.12 10.5 ± 0.25 10.3 ± 0.62 
p < 0.001 p < 0.001 p < 0.001 
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to the combined treatment, as was observed with Ox 
alone. However, the changes in the cells in the spent 
media are considerably more dramatic. There is a re-
markable decrease in the viability of the cells in the 
spent media as compared to control cells, and by 120 
minutes, there is a drop in viability of approximately 24 
fold. The number of cells present in the spent media is 
also greatly increased, and by about 120 minutes approx-
imately 35 times as many cells are present in the q,ent 
media of the treated cells, as compared to controls. The 
same observations are valid for the MOCK cultures as 
illustrated in Tables 8 and 9, although the ordets of 
magnitude are much less. 
Morphologic changes in response to the combined 
challenge were studied by SEM. Figure 1 illustrates 
normal control LLC-PK1 cells with well defined cell-to-
cell contacts, and uniform surface microvilli. In Figures 
2 and 3 are demonstrated the complex interdigitations 
between crystals and surface microvilli after 60 minute 
exposure. The cells appear to be losing cell-to-cell 
contact as cell borders are retracted from one anoiller. 
Long, thin cytoplasmic extensions remain as the only 
attachments to the surface, as the cells appear to be 
lifting from the insert. The process is present through 
all time periods studied, as shown in Figure 4 (120 
minute exposure). Similar images are seen with MDCK 
Toxicity of oxalate and calcium oxalate crystals on epithelial cells 
Table 6. Cell viability and concentration ofLLC-PK1 cultures exposed to 1.0 mmol KOx and 500 µglml COM trypsin-
ized cells recovered From membrane inserts; p values as compared to control; n = 6 
I I 
Control Cells 
I 
30 minutes 
I 
60 minutes 
I 
120 minutes 
I 
Viability 99.2 ± 0.0% 80.6 ± 4.1 % 83.0 ± 3.2% 68.6 ± 3.4% 
p < 0.01 p < 0.002 p < 0.001 
Cell Number 1.23 ± 0.05 1.02 ± 0.02 1.00 ± 0.01 1.01 ± 0.02 
(x 106) p < 0.01 p < 0.01 p < 0.01 
Table 7. Cell viability and concentration of LLC-PKl cultures exposed to 1.0 mmol KOx and 500 µglml COM cells 
recovered from spent media; p values as compared to control; n = 6 
Control Cells 30 minutes 60 minutes 120 minutes 
Viability 89.6 ± 4.7% 25.0 ± 5.8% 8.2 ± 0.6% 3.7 ± 2.1% 
p < 0.001 p < 0.001 p < 0.001 
Cell Number 0.90 ± 0.23 4.29 ± 0.65 10.6 ± 1.79 31.9± 4.29 
(x 104) p < 0.05 p < 0.002 p < 0.001 
Table 8. Cell viability and concentration ofMDCK cultures exposed to 1.0 mmol KOx + 500 µglml COM trypsinized 
cells recovered from membrane inserts; p values as compared to control; n = 6 
I I 
Control Cells 
I 
30 minutes 
I 
60 minutes 
I 
120 minutes 
I 
Viability 97.7 ± 0.2% 89.6 ± 0.7% 85.6 ± 1.0% 81.8 ± 2.0% 
p < 0.001 p < 0.001 p < 0.001 
Cell Number 1.33 ± 0.10 1.03 ± 0.06 1.02 ± 0.05 0.99 ± 0.02 
(x 106) p < 0.02 p < 0.02 p < 0.01 
Table 9. Cell viability and concentration ofMDCK cultures exposed to 1.0 mmol KOx and 500 µglml COM cells re-
covered from spent media p values as compared to control; n = 6 
Control Cells 30 minutes 60 minutes 120 minutes 
Viability 85.5 ±3.6% 19.7 ± 2.3% 14.2 ± 2.8% 5.6 ± 0.9% 
p < 0.001 p < 0.001 p < 0.001 
Cell Number 1.43 ± 0.34 4.17 ± 1.05 5.92 ± 0.28 8.63 ± 0.74 
(x 104) p < 0.05 p < 0.001 p < 0.001 
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cells and resemble those previously reported [11]. The 
effects appear to be more widespread with 1. 0 mmol 
KOx, but no attempt was made to quantify this obser-
vation. 
Discussion 
Oxalate studies 
Previous work in experimental rats has demonstrated 
that the addition of a nephrotoxin agent, when given to 
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Figure 1. LLC-PK1 control 
cells. Note the uniform cell-
to-cell contacts as well as the 
short rnicrovilli distributed 
evenly over the cell surface. 
Bar = 10 µm. 
Figures 2 (at right) and 3 (on 
the facing page) . LLC-PK1 
cells after exposure to 1.0 
mmol KOx and 500 µg!ml 
COM crystals for 60 minutes. 
Arrows point to COM crystals 
entangled with cilia and rnicro-
villi. Tight cell-to-cell con-
tacts have been disrupted 
(arrowheads). Bars = 10 µm. 
hyperoxaluric experimental animals, facilitates the 
formation of CaOx , probably as a result of heterogenous 
nucleation of CaOx upon cellular degradation products 
[10, 13, 16] . Because most CaOx stones form in the 
absence of a known exogenous nephrotoxin, the question 
naturally arises whether or not Ox itself can function as 
a nephrotoxin. In experimental animals, Ox has been 
shown to cause renal tubular injury [ 15] but. it is difficult 
to separate toxic effects of Ox from the potential damag-
ing effects of crystals. Employing a cell line makes it 
Toxicity of oxalate and calcium oxalate crystals on epithelial cells 
Figure 3. See facing page for 
legend. Bar = 10 µm. 
Figure 4. LLC-PK1 cells 
after exposure to 1.0 mmol 
KOx and 500 µglml COM 
crystals for 120 minutes. 
Arrows point to crystals and 
blunted microvilli. The cell to 
substrate cytoplasmic contacts 
are discrete and stretched. 
The cell appears to be sepa-
rating from the monolayer. 
Bar= 10 µm. 
possible to accomplish this. Previously, we have shown 
that low levels of Ox in the range of 0.25 mmol result 
in measurable damage to MDCK cells [11). The result-
ing cell damage was minimal though significant, the 
greatest effect occurring at 12 hours of exposure to Ox. 
Similarly, Menon et al. [24) have demonstrated that Ox 
damages LLC-PK 1 cells, as evidenced by decreased via-
bility with trypan blue staining. Levels of Ox in a range 
of 100 µM to 2 mmol, when incubated with these cells 
for 3 hours, resulted in an increased release of LDH, 
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and morphologic evidence of cell damage. More recent-
ly, this group has reported that Ox damage to LLC-PK 1 
cells may result from production of reactive oxygen spe-
cies [28). This concept is supported from other data in 
the literature. Ernster [8] reported lipid peroxidation in 
liver microsomes when they were exposed to Ox in the 
presence of iron. Coincidentally, the maximum effect 
was reached at a concentration of 1.0 mmol, the con-
centration used in this current study. Furthermore, 
antioxidant therapy has been shown to prevent CaOx 
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deposition in a rat model [30]. 
As reported here, we have expanded our investiga-
tions to include LLC-PK1 as well as MOCK cells, and 
have exposed them to a level of KOx which represents 
the limit of metastability in the culture medium used (a 
level of 1.0 mmol KOx, resulting in a CaOx RSS of 
13.5); we have also examined events at earlier time peri-
ods. Cell cultures exposed for 30, 60 and 120 minutes 
sustain considerable cell damage as evidenced by a sig-
nificant increase in LOH specific release in spent media. 
While both cell lines react to Ox, the levels of release 
for LLC-PK1 are considerably greater than those for 
MOCK_ cells. This increased sensitivity of LLC-PK1 
cells to a toxin is not unexpected since Andreoli [2] has 
previously demonstrated that the MOCK cell is consider-
ably more resistant to cell injury producing agents than 
is the LLC-PK1 cell. The LOH data are supported by 
examination of cell viability and concentration of cul-
tured cells exposed to 1.0 mmol KOx both on the mem-
brane inserts and in the spent media. In terms of mem-
brane inserts, both cell lines demonstrated decreased via-
bility beginning at 30 minutes and remaining relatively 
unchanged through the 120 minute time period. Similar-
ly, cell numbers decreased significantly on the inserts, 
again achieving significance at 30 minutes, but with rela-
tively little difference at 60 and 120 minutes. While ex-
amining the viability and concentration of cells recov-
ered from the spent media, we noted similar patterns for 
both cell lines. The viability of cells in spent media de-
creased over time when compared to control cultures; in 
both cell lines, cell numbers in the spent media in-
creased statistically over time and approached a maxi-
mum at 30 minutes, with little change at 60 and 120 
minutes. The only exception was the 30 minute period 
for the LLC-PK1 cultures in which little increase in the 
number of cells was noted. These experiments illustrate 
that Ox alone has profound effects upon tissue culture 
monolayers. This concentration of Ox not only results 
in cell damage, but apparently also seriously affects cell-
to-cell and cell-to-substrate contacts, resulting in signifi-
cant cell loss from the culture. The cells released into 
the media become abnormal as their viability is greatly 
decreased. This effect generally reaches maximal level 
by 30 minutes with little further change at 120 minutes 
. Similar results were ·noted in our previous study [11], 
thus suggesting that only certain cells may be sensitive 
to Ox. Credence is given to this concept since data in 
the literature indicate that the MOCK cell line is 
heterogenous and composed of specific clones [3, 9, 25]. 
Combined studies 
The combined effects of 1.0 mmol KOx and 500 
µglml COM crystals on the monolayer were not appreci-
ably different from the response to Ox alone, with the 
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exception of the 120 minute incubation period of the 
LLC-PK1 cultures (p < 0.01). The effects essentially 
reach maximum at 30 minutes. While the synergistic 
effect, noted previously [11], was not observed here, the 
times of exposure were different in the two experiments; 
two hours of exposure was the earliest in our previous 
work, and the longest in the current report. 
Furthermore, at 1.0 mmol KOx, maximum toxic effects 
are reached, as suggested above, and any additional 
crystal effects may or may not be minimal or masked. 
By contrast, examination of cells released into the 
media revealed significantly greater changes compared 
to Ox treated cells' alone. The number of cells released 
from inserts was much greater in both lines, and pro-
nounced decreases in viability, reaching a maximum at 
120 minutes in both lines, were noted. These results are 
probably somewhat overstated due to aggregation, but 
the result,; are nonetheless dramatically different from 
controls and Ox treated cultures. Therefore, cells 
exposed to metastable limits of KOx with COM crystals 
are extremely susceptible to cell damage and death. 
Our SEM findings illustrated here demonstrate that 
COM crystals are enmeshed by microvilli and cilia of 
the cell surface. This is associated with an obvious re-
traction of the cells from their neighbors, as well as de-
tachment from the substrate, as demonstrated by the long 
cytoplasmic extensions in contact with the substrate. In 
a study using BSC-1 cells exposed to COM crystals, 
Lieske [22] postulated that this process is most likely as-
sociated with internal rearrangement of the cytoskeleton 
due rearrangement of F-actin. The . SEM changes 
demonstrated here occurred early and were similar to 
those reported previously [11], although the changes 
appeared to be more widespread in this experiment. 
Additionally, in that work, transmission electron 
microscopy showed dramatic involvement of COM 
crystals within intracellular spaces. 
In experiments of this type, the question of crystal 
load arises. Unfortunately, no agreement exists as to a 
standard concentration of crystals to be employed or to 
the time of exposure of cells to the crystals. Elferink 
[6], in examining the effects of COM crystals on red 
blood cell hemolysis, tested a range of 10-1000 µglml 
COM and, for most experiments, used 200 µglml. In 
reported tissue culture experiments by Lieske, Mandel 
and Ebisuno, respectively, 50-300 µglml [21], an esti-
mated 730 µg/mi [23] and 2 mg/ml [5] of COM crystals 
have been employed as the challenge. Emmerson [7] 
examined the response of MOCK cells to monosodium 
urate monohydrate crystals over a range of 125-1000 
µg/ml and utilized 500 µg/ml as the standard in plastic 
flasks incubations. 
A number of investigators have examined the inter-
action between COM crystals and cultured cell lines. 
Toxicity of oxalate and calcium oxalate crystals on epithelial cells 
Riese [27] utilized primary cultures of rat renal papillary 
collecting cells and demonstrated that specific crystal 
binding sites are found on the cellular surface. The cells 
containing these sites were located focally in the cultures 
[33] i.e., in areas of epithelial damage. Lieske et al. 
[22] studied the interaction of BSC-1 kidney cells with 
COM crystals in concentrations of 10-300 µg/ml and a 
size range of 1-2 µm. Their results demonstrated maxi-
mum binding of crystals within 15 seconds followed by 
endocytosis and internalization of crystals. Their scan-
ning electron micrographs, shown in Figure 2 of their 
paper, revealed morphologic changes essentially similar 
to those we have shown in MOCK cells [11] and in 
LLC-PK1 cells shown here. In a later contribution [12] 
using BSC-1 cells, they reported induction of gene ex-
pression for proteins influencing extracellular matrix 
composition and a growth factor. All of these data 
strongly indicate that interactions between COM crystals 
and cells perturb cellular function and morphology. 
A review of the preceding papers and our own con-
tributions reveals a beginning confluence of evidence 
that Ox itself is injurious to cells, at least in an in vitro 
setting, and that examination of various cell culture lines 
is a reasonable model for studies of crystal-cell 
interaction. Our main criticism of prior published 
studies in this latter area relates to the fact that the 
studies are carried out with crystals alone. We regard 
this as somewhat unrealistic in terms of the setting of 
urolithiasis, because COM crystals neither form in an 
Ox free environment, nor before the metastable limits of 
CaOx RSS have been exceeded. Oxalate has a 
significant impact upon cells as it affects transport 
mechanisms including calcium [ 4] and is itself carried by 
unique transporters [19]. In addition, while it has been 
reported that COM crystals are mitogenic [21], Ox alone 
has also been reported to be mitogenic [18] as well. 
What impact, if any, these various cellular effects of Ox 
would have upon crystal/cell interactions is speculative, 
but at least should be discounted in studying those 
interactions. 
Our data demonstrate that LLC-PK1 and MOCK 
cells suffer severe damage when exposed to Ox at the 
metastable limit. In the appropriate setting, therefore, 
exposure to Ox at this level permits a mechanism for 
generating cell fragments which could act as heteroge-
nous CaOx nucleators. This could result in a self-propa-
gating system for crystal catalysis because the combined 
effects of Ox/COM crystals are considerably greater 
than Ox alone and result in the generation of many more 
damaged cells. 
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Discussion with Reviewers 
W.C. de Bruijn: Occasionally COD crystals are 
formed in the Taub medium at the 1.0 mM level, but no 
COM. Nevertheless this concentration is used. Do you 
assume that COD crystals harm the cells less than COM 
ones? What makes this medium configuration different 
with respect to the medium with the added COM crys-
tals, the crystal diameter? 
Authors: While previous investigators, such as 
Weissner et al. (1986), have postulated that COD is less 
membranolytic than COM, it was not the intent of this 
paper to examine this question. Please note that in the 
presence of cells, 1 mmol KOx did not nucleate crystals, 
as indicated in the Introduction. 
Reviewer V: One serious problem with this manuscript 
is that the effect of an extremely high, non-physiological 
concentration of oxalate is studied utilizing kidney cells 
in culture. For the complex results of this study to be 
interpretable, data at multiple concentrations of oxalate, 
both in the physiological as well as pathological range, 
would need to be provided. 
Authors: Our rationale for this level of oxalate is dis-
cussed in Materials and Methods under Oxalate stud-
ies. The question of a "physiological" oxalate level as 
relates to these tissue culture cells is paradoxical, as the 
physiological concentration of oxalate for these cells is 
zero. Over the years, in working with many different 
cell systems, we have found that oxalate levels vary 
widely in the rat alone: from 0.4 mmol to 2.6 mmol in 
the bladder urine. This concentration contrasts with hu-
man bladder urine which is on the order of 0.2 to 0.4 
mmol. In the current study, we found 1 mmol to be the 
metastable limit, the limit we considered critical for ex-
amining crystal/cell interaction. 
